Ampicillin sensitivity tests and tests for ampicillin inactivation were made with 148 strains of coliform bacilli. A correlation was found in strains of Proteus mirabilis and Klebsiella between ampicillin resistance and inactivation. No correlation was obtained with Escherichia coli, whether sensitive or resistant to ampicillin, although small amounts of penicillinase were produced. Ampicillin-sensitive strains of P. mirabilis showed even lower amounts of penicillinase. The strains of Pseudornonas pyocyanea (muginosa) were resistant to ampicillin, but also showed low penicillinase levels. No evidence of induction of penicillinase was obtained with E. coli or Klebsiella in the presence of methicillin, ampicillin or cephalosporin C. The ampicillin-inactivating enzyme is a 8-lactamase, not an amidase.
INTRODUCTION
Many strains of coliform bacilli have been shown to be sensitive to low concentrations of the new penicillin, ampicillin 6( D( -) a-aminophenylacetamido) : penicillanic acid ( Brumfitt, Percival & Carter, 1962) . Nevertheless, in early studies with benzylpenicillin, it was shown that most species of coliform bacilli produced a 'penicillinase' (Abraham & Chain, 1940;  Harper, 1943;  Woodruff & Foster, 1945; Bondi & Dietz, 1944;  Czekalowski, 1950) and ampicillin has been shown to be fully sensitive to the penicillinase produced by penicillin-resistant staphylococci. It was therefore decided to investigate the relationship between penicillin inactivation and ampicillin sensitivity in coliform bacilli.
The terminology of penicillin-inactivating enzymes now needs some clarification since the enzymes may attack the penicillin molecule in at least two different sites, i.e. by splitting the b-lactam ring or by removing the side chain. In the present paper the term penicillinase will be reserved for enzymes splitting the p-lactam ring and the term amidase used for enzymes removing the side chain. When a penicillinase acts on penicillin and splits the p-lactam ring, penicilloic acid is formed. Although penicilloic acids derived from benzylpenicillin and ampicillin differ, they both reduce iodine to the same extent and are therefore referred to in the text as penicillanic acid (6-APA) and was tested for by a modification of the hole-plate method described by Uri & Sztaricskai (1961) . Phenylacetyl chloride and sodium carbonate were added to the test fluid in a Heatley cup placed on a nutrient agar plate seeded with a culture of the Oxford staphylococcus, and incubated overnight at 3 0 ' . When 6-APA is present it is converted into benzylpenicillin by the phenylacetyl chloride and a zone of inhibition is shown. Controls without phenylacetyl chloride were set up, and also a control containing a known amount of 6-APA. 109 broth cultures of coliform bacilli were tested by this technique.
Since penicillin amidase is mainly intracellular, and has an optimum activity at pH 7-5-8.5 (Rolinson et al. 1960) further tests were made with two strains of an ampicillin-resistant Escherichia coli, two strains of an ampicillin-sensitive E. coli, a strain of ampicillin-resistant Klebsiella and a control organism known to produce the amidase. These organisms were grown in shaken broth cultures in a water bath at 28-30" for 24 hr. The cultures were then centrifuged and the deposited organisms resuspended in phosphate buffer (pH 8.0) and incubated with benzylpenicillin for periods from 15 min. to 24 hr. a t 30' or 37". Tests were made for 6-APA by the above method.
Development of resistance of Escherichia coli to ampicillin. Six strains of ampicillin-sensitive Escherichia coli were subcultured on ampicillin ditch plates containing 50-200 pg. ampicillin/ml. to determine the rate of development of resistance. The number of subcultures and the corresponding minimum inhibitory concentrations were recorded. A strain of E. coli was also subcultured on nutrient agar plates containing ampicillin at 2-5-100 ,ug./ml. Further tests were made to detect the presence of ampicillin-resistant mutants by using large inocula in broth. Nine ml. ampicillin-containing broth were added to 1 ml. of a 24 hr. broth culture of an ampicillin-sensitive strain of E . coli; ampicillin was used a t 10, 25, 50 and 100 pg./ml., with 10 tubes for each concentration. The cultures were examined at 2 and 5 days for increased growth, the presence of resistant mutants and ampicillin inactivation. A known non-penicillinase-producing staphylococcus was used as a negative control.
The eflect of inoculum size on growth in ampicillin. Dilutions of 18 hr. broth cultures were made in sets of 8 tubes containing 5 ml. broth + 500 pg. ampicillin.
The dilutions of the broth cultures were 10 fold, ranging from 1/10 to 1/108. The organisms tested were Proteus vulgaris, P . rettgeri, Escherichia coli and a strain of penicillin-resistant Staphylococcus a u r w . Control tubes containing 5 ml. broth only were inoculated in a similar manner with the staphylococcus. The cultures were incubated for 48 hr. at 37" and the number of tubes which showed growth recorded. Residual ampicillin was assayed by the cup-plate method after incubation for 24 hr.
Comparison of ampicillin and benzylpenicillin as a substrate for penicillinase. The iodometric method was used to determine the relative amounts of penicilloic acid formed from ampicillin and benzylpenicillin when incubated with broth cultures of coliform bacilli or Staphylococcus aureus. Samples (0.5-2 ml.) of an 18 hr. shaken broth culture were incubated with 5 ml. of similar concentrations of ampicillin or benzyl penicillin (0.25 g. in 100 ml. phosphate buffer, pH 6.5). Three estimations were made on cultures of the Escherichia coli strain. Ampicillin and benzylpenicillin inactivation by the same strain of E. coli was also tested by the cup-plate assay G . A. J. AYLIFFE method with antibiotic concentration 20 pg./ml. and an 18 hr. broth culture of organism.
Culture media. A beef digest broth (pH 7.4) was used in all experiments solidified with 1-4 % agar (Oxoid no. 2) when required.
RESULTS
Ampicillifi sensitivity tests. The number of strains tested by the ditch-plate method which were sensitive to ampicillin is shown in Table 1 . This shows that 34/41 strains of Escherichia coli and 26/88 strains of Proteus mirabilis were sensitive to ampicillin. All other organisms tested were resistant apart from two strains of Klebsiella which were isolated from sputum (Klebsiella pneumoniae).
Ampicillin inactivation, The results of the screening test on ampicillin inactivation are also shown in Table 1 . It can be seen that most of the organisms fall in one of two main groups; one group was able to inactivate ampicillin and the other group showed no detectable inactivation by this method. In the smaller, third group of organisms were eight strains of Proteus morganii and two strains of Citrobacter freundii, resistant or partially resistant to ampicillin and which showed partial inactivation of ampicillin, Seven of the Escherichia coli strains were resistant or partially resistant to ampicillin and showed no detectable inactivation. There were 26 strains of Proteus mirabilis and 2 strains of Klebsiella sensitive to ampicillin and all showed no detectable inactivation. Of 71 organisms (excluding Psmdornonas pyocyanea) which showed no detectable inactivation, 9 were resistant to ampicillin, whereas all strains which showed complete or partial inactivation were resistant to ampicillin. The results indicate that none of the E. coli or ampicillin-sensitive strains of P. rnirabilis actively destroyed ampicillin whereas most of the Klebsiella and ampicillin resistant strains of Proteus did.
The tests made with three strains of Escherichia coli incubated with smaller amounts of ampicillin showed that E . coli inactivated ampicillin slowly as compared with a strain of Klebsiella. The results of three tests for each organism are shown in Table 2 . The strains of E . coli usually inactivated very little ampicillin after incubation for 6 hr. but completely inactivated 20 pg. ampicillin/ml. (in 5 ml. broth) after incubation for 18 hr. There were three exceptions: one test showed complete inactivation after 6 hr. and in two others there was little inactivation after 18 hr.
A strain of Klebsiella inactivated 20 pg. ampicillin/ml., in one hr. The four strains of ampicillin-sensitive Proteus mirabilis tested by the same method showed no clear evidence of inactivation as compared with a non-penicillinase-producing staphylococcus. This may have been due to the test not being sufficiently sensitive. Inactivation of ampicillin b y Psmdornonas pyocyaneu was also difficult to detect by the cup-plate assay method, as a zone of inhibition of the Oxford staphylococcus occurred with the control organism without added antibiotic. Similar experiments with Ps. pyocyunea by the iodometric method gave inconsistent results owing to clumping of the organisms. On several occasions there was evidence of ampicillin inactivation a t 24 hr., but very little at 6 hr. Results of penicillinase estimations by the iodometric method. The relative amounts of penicillinase produced in overnight shaken broth cultures and estimated by the iodometric method are shown in Table 3 . The results show the amounts of penicilloic acid formed by 1 ml. broth culture from benzylpenicillin in 1 hr. when shaken at 3 7 ' . ' The results mainly confirm the cup-plate assay results. The Escherichia coZi strains produced low amounts of penicillinase, and the ampicillin-sensitive strains of Proteus mirabilis (which are more sensitive to ampicillin than E. coli) produced just detectable amounts of penicillinase. The three strains of Proteus rettgeri and the two strains of Citrobacter freandii showed no inactivation or partial destruction by the screening test and by this test also seemed to show lower amounts of penicillinase than did the other ampicillin-resistant penicillinase producers. Apart from these strains, the ampicillin-resistant strains in general produced more than 1 pmole penicilloic acid/ml. culture/hr. under these conditions. A culture of a penicillinase-producing staphylococcus of comparable optical density gave a result two to three times higher than did the penicillinase-producing coliform organisms. The penicillinase produced under these conditions appears to be mainly intracellular. An overnight shaken broth culture of an ampicillin-resistant Klebsiella produced 1.9 pmole penicilloic acid/ml. broth culture/hr. and the supernatant fluid showed 0.4 ,umole/ml./hr. An arnpicillin-sensitive strain of Escherichia coli gave 0.6 pmole penicilloic acid/ml. broth culture/hr. and the supernatant fluid 0.17 pmole/ml./hr.
Eflect of pH value on penicillinase cultures. Maximum penicillinase activity occurred at pH 6-0 with the strains of Klebsiella, Proteus vulgaris and Escherichia coli tested. Activity decreased slightly between pH 6.0 and 7.0 but decreased rapidly between pH 6-0 and 5.0. shaken broth cultures to which had been added ampicillin, methicillin or cephalosporin C are shown in Table 4 . The optical density of the cultures was about the same and, in the results shown, the values had been corrected to the same optical density for each organism examined, The cultures were incubated for 5 hr. with benzylpenicillin for the Escherichia coli strains and for 1 hr. for the Klebsiella strains and the strain of Staphylococcus aureus. A penicillinase-producing strain of S . aureus was included to show the effect of methicillin on the penicillinase level under similar cultural conditions. The results show that there was no significant increase in penicillinase values in the strains of Klebsiella, or E . coli examined in the presence of the three possible inducing agents tested. This was in marked contrast to the large increase in penicillinase when the penicillin-resistant staphylococcus was grown in presence of met hicillin, Arnidase production. In tests at 37" none of the 49 strains which inactivated ampicillin gave positive evidence of the production of penicillin amidase ; this suggests that the inactivating enzyme was a p-lactamase, which was confirmed by the iodometric method. The 60 ampicillin-sensitive strains also showed no evidence of amidase production at 3 7 ' . When organisms of broth cultures grown at 28-30' were incubated with penicillin a t pH 8.0 similar negative results were obtained with all strains apart from the known amidase-producing strain of Escherichia coli.
Development of resistance of Escherichia coli to ampicillin. Resistance developed rapidly when six strains of ampicillin-sensitive Escherichia coli were subcultured on nutrient agar plates containing ampicillin. There was a 20-40-fold increase in resistance after 6-8 subcultures. No difference in ampicillin inactivation was seen as between the sensitive and resistant strains by the cup-plate method; this was confirmed by the iodometric method. The result with one strain is shown in Table 4 (E. coli (I)), ampicillin-sensitive and resistant).
When a heavy inoculum of a strain of ampicillin-sensitive Escherichia coli was grown on ampicillin-containing agar plates, the minimum inhibitory concentration after incubation for 24 hr. was 2-5-5.0 pg. ampicillin/ml. After several days a t room temperature large and small colonies appeared on the plate containing 5.0 pg. ampicillin/ml. Although both types of colony grew normally on nutrient agar, the minimum inhibitory concentration for the larger colonies was 12-5 pg. ampicillin/ ml., whereas the resistance of the small colonies was unchanged. After 5 subcultures of the larger colonies, the resistance increased to 100 pg. ampicillin/ml. This confirms that resistance develops rapidly in a step-wise manner.
The tests with heavy inocula in broth cultures containing ampicillin showed no evidence of any highly resistant single-step mutants when subcultured on ampicillin plates; growth occurred in 10 to 50 pg. ampicillin/ml., after incubation for 5 days. This appeared to be due to slow inactivation of ampicillin, since ampicillin activity was only detected in the tubes of broth containing 100 pg. ampicillin/ml., and there was no increased growth at this concentration. There was no comparable inactivation in cultures of a non-penicillinase-producing staphylococcus, under similar cultural conditions.
The effect of inoculum size on growth in ampicillin
The results of growth with different inoculum sizes in broth containing 100 pg. ampicillin/ml. are shown in Table 5 . The approximate penicillinase activity is shown in the last column. The strain of Staphylococcus aureus, although apparently producing more penicillinase than the Proteus or Klebsiella strains, did not grow when the inoculum was diluted l/105. The Klebsiella and Proteus strains grew when the inoculum was diluted l / l O s ; no residual ampicillin was detected a t this dilution with these organisms after incubation for 24 hr. There was no significant inactivation of ampicillin in the tube containing S. aureus at dilutions of inocula from 1/105 to l/lOs. There was no detectable inactivation with the E . coli strain a t any dilution of inoculum.
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Penicillinase activity on arnp*cilli% afid bmzylpmica'llifi. The amounts of penicilloic acid formed by coliform bacilli and by Staphylococcus aureus from ampicillin and benzylpenicillin are shown in Table 6 . Penicilloic acid formed from ampicillin by Proteus mirabilis, Klebsiella and 8. uureus was about the same or rather more than from benzylpenicillin. The three tests made with ampicillin-sensitive Escherichia coli showed that less penicilloic acid was formed from ampicillin than from benzylpenicillin. The cup-plate assay result also confirmed that ampicillin was inactivated less rapidly than benzylpenicillin by E. colll. 
DISCUSSION
By the not very sensitive cup-plate method used as a screening test for ampicillin inactivation, there was a clear correlation between resistance to ampicillin and its inactivation by most of the strains tested Citrobacter, Klebsiella and the Proteus groups, This correlation was not seen with the strains of Escherichia coli, none of which showed ampicillin inactivation by this test, although 7 of the 41 strains tested were resistant to ampicillin. None of the strains of Pseudomorms pyocymeu gave positive evidence of ampicillin inactivation although all strains of this species are resistant to ampicillin. Similar results were obtained by Trafford et al. (1962) with Klebsiella and a smaller number of strains of E. coli, but they described four strains of ampicillin-resistant Proteus mirabilis which did not produce penicillinase. By the iodometric method, however, it was found that the strains of E . coli did in fact produce some penicillinase, whether they were sensitive to ampicillin or not, although the values were lower than those of the ampicillin-resistant strains of
